The herbaceous understory represents a key component of forest biodiversity across temperate forests of Europe. Here, we quantified changes in the diversity and composition of the forest understory layer in representative Slovenian forest ecosystems between 2004/05 and 2014/15. In total, 60 plots were placed across 10 different managed forest types, ranging from lowland deciduous and mid-altitude mesic mixed forests to mountain conifer forests. This network is part of an international network of sites launched within the ICP Forests Programme aimed to assess the condition of forests in Europe. To examine how disturbance influenced understory dynamics, we estimated the disturbance impacts considering both natural and/or anthropogenic disturbances that cause significant damage to trees and to ground-surface layers, including ground-vegetation layers and upper-soil layers. Species richness across 10 sites (gamma diversity) significantly decreased from 272 to 243 species during the study period, while mean species richness per site did not significantly change. The mean value of site level Shannon diversity indices and evenness significantly increased. The cover of most common plant species increased during the monitoring period. The mean value of disturbance estimates per site increased from 0.8% in 2004/05 (ranging from 0% to 2.5%) to 16.3% in 2014/15 (ranging from 5.0% to 38.8%), which corresponded to a reduction in total vegetation cover, including tree-layer cover. More disturbed sites showed larger temporal changes in species composition compared to less disturbed sites, suggesting that forest disturbances caused understory compositional shifts during the study period. Rather than observing an increase in plant diversity due to disturbance, our results suggest a short-term decrease in species number, likely driven by replacement of more specialized species with common species.
Introduction
Biodiversity in forestlands has become one of the major concerns of forestry in the European Union, as well as globally [1] . As conservation of biodiversity has become one of the important goals of managing forests in recent decades [2] , variables and indicators related to biodiversity need to be monitored in forests, particularly during the current period of rapid global change.
Most of the plant diversity in temperate forest ecosystems is found in the understory herb layer. This diverse flora represents a wide variety of growth forms and functional groups, which collectively have an important influence on a variety of forest processes, including nutrient cycling and competitive interactions with tree regeneration [3] . The herb layer also serves as an important source of food and habitat for wildlife and other forms of biodiversity [4] .
A large body of research over the past decade demonstrates that the understory herb layer exhibits strong temporal dynamics [5] . These dynamics have typically been attributed to several different anthropogenic drivers, including changes in light conditions due to forest management [6] , nitrogen deposition [7] [8] [9] , climate change [10, 11] , and excessive deer browsing [12, 13] .
Natural and anthropogenic disturbances in forest ecosystems are also important drivers of ecosystem structure, function, and biodiversity [14] [15] [16] . Disturbances can cause abrupt changes in understory light and resource availability and can have a lasting legacy on long-term forest dynamics, both of which influence understory herb communities [17] . Damage from wind, insect outbreaks and wildfires have increased in Europe's forests throughout the twentieth century and are critical drivers of the composition, structure and functioning of forest ecosystems [18, 19] .
A proper understanding of these various drivers and the response of the understory community form a foundation for plant biodiversity conservation in forests. Such an understanding often requires direct long-term monitoring of vegetation dynamics [20] . In Europe, systematic forest monitoring started in the 1970s as a response to questions related to the supposed forest decline caused by air pollution. These concerns led to an international effort resulting in the United Nations Convention on Long-range Transboundary Air Pollution (CLRTAP, Geneva 1979), and to the International Co-operative Programme on the Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests), which was launched in 1985 [21, 22] . As a part of ICP Forests, the Intensive Forest Monitoring Programme was initiated to obtain sufficiently detailed information on processes within forest ecosystems across a broad spatial scale. The main goal of the monitoring programme is to detect and investigate the extent of changes within forest ecosystems due to the input of acidifying and eutrophying compounds [23] . Within the monitoring protocol, understory vegetation and biodiversity are observed across European forests [24] since changes in the abundance and composition of understory plant communities serve as useful indicators of ongoing changes in site conditions [8, [25] [26] [27] [28] , or other important factors, such as disturbance, browsing, or climate change.
In Slovenia, Intensive Monitoring sites (IM) were established across the main forest types in homogeneous closed canopy stands lacking evidence of recent disturbances. However, over the past decade these sites have experienced a number of widespread disturbances of varying intensity, providing an opportunity to examine the short-term response of the understory community. The main aims of our study were (1) to determine the magnitude and direction of the changes in forest vegetation in managed temperate forests in Slovenia over the 10-year observation period; and to (2) examine the impact of natural disturbances, including salvage logging, on plant diversity and composition.
Materials and Methods

Study Area
The study was conducted in 10 IM sites (Table 1, Figure 1 ), which were systematically selected in all phyto-geographic regions in Slovenia [29] to represent the mayor forest ecosystems and forest vegetation communities across the country [30] [31] [32] . All IM sites were established in 2004 in closed canopy forest stands without any significant signs of recent disturbance. They cover an elevational gradient from 160 to 1397 m a.s.l. Fagus sylvatica L. is dominant at four sites, Picea abies (L.) H. Karst. at two sites, Quercus robur L. and Carpinus betulus L. at two sites, and Pinus sylvestris L. and Pinus nigra J.F.Arnold at one site each. Until 2004, forests in the IM sites were managed mostly in a less intensive way (such as selective cutting), and forest stands on all IM sites were relatively closed without canopy gaps. In general, the studied forests were uneven-aged with different vertical vegetation layers.
Within each selected IM site, a relatively homogenous monitoring area ranging from 1 to 3 hectares was selected. In accordance with the standard protocol of the IM programme [23, 24] , 4 or 8 plots of 10 × 10 m were placed systematically across the area (Table 1) , with a minimum distance between plots of 20 metres. The number of plots and the total size of monitoring area per site depend on the intensity and type of monitoring activities. On IM sites with smaller monitoring area (1 ha), 4 plots were placed, and monitoring activities were less intense. On sites with larger monitoring area (2 to 3 ha), 8 plots were installed, and more intense monitoring was conducted. These sites were additionally equipped with sampling devices for monitoring of different variables, e.g., atmospheric deposition, soil, and soil solution chemistry, meteorology, tree growth, and litterfall. In total, 60 plots were placed across all IM sites. Until 2004, forests in the IM sites were managed mostly in a less intensive way (such as selective cutting), and forest stands on all IM sites were relatively closed without canopy gaps. In general, the studied forests were uneven-aged with different vertical vegetation layers.
Within each selected IM site, a relatively homogenous monitoring area ranging from 1 to 3 hectares was selected. In accordance with the standard protocol of the IM programme [23, 24] , 4 or 8 plots of 10 × 10 m were placed systematically across the area (Table 1) , with a minimum distance between plots of 20 metres. The number of plots and the total size of monitoring area per site depend on the intensity and type of monitoring activities. On IM sites with smaller monitoring area (1 ha), 4 plots were placed, and monitoring activities were less intense. On sites with larger monitoring area (2 to 3 ha), 8 plots were installed, and more intense monitoring was conducted. These sites were additionally equipped with sampling devices for monitoring of different variables, e.g., atmospheric deposition, soil, and soil solution chemistry, meteorology, tree growth, and litterfall. In total, 60 plots were placed across all IM sites.
Vegetation Survey
A comprehensive survey of vascular plant species across the 60 plots in the 10 IM sites was performed in the summer in two monitoring periods (P1, P2); P1: years 2004 and 2005 and P2: years 2014 and 2015. On all IM sites, the period between the two surveys was ten years. The position of the 60 plots did not change between the two monitoring periods; the exact same area was re-surveyed in the second monitoring period (P2). In both monitoring periods, all identification of plant species, estimation of plant cover and other records were done by the same observer, i.e., first author of this paper, with field assistance of colleagues.
A visual estimation of total plant cover was made in the following vertical layers [24] : Moss layer: separate record of mosses on the forest floor (on mineral soil) and mosses on other substrata, e.g., deadwood, living wood, rocks.
Total vegetation cover was defined as a vertical projection of all vegetation layers (including moss layers) on the ground. A separate record for each vascular plant species occurring in the herb, shrub and tree layer was performed in both surveys (P1 and P2). Tree species in lower-and upper-tree layers were recorded separately. The height of the lower-tree layer was defined as 75% of the maximum tree height in a stand, while stems in the upper-tree layer were above this threshold.
The visual estimates of plant species cover were done using a modified Barkman's method [35] . The vertical projection of plants' living parts on the floor was estimated in percent cover. A visual estimate of the plot surface covered by rocks and dead-wood material was assessed in both periods.
The nomenclature for vascular plants followed the Flora Europaea [36, 37] and National Flora [38] .
Disturbance Events and Evaluation
The disturbance regime across different Slovenian forest types is complex, with considerable variation in disturbance agents, sizes, and severities [39] . Due to several anthropogenic land uses and more settlements at lower altitudes, lowland forests in this area were more affected in the past and are still under pressure from several degradative processes, such as intensified land use, fragmentation, and pollution [40] [41] [42] . In recent times, floodplain and other lowland forests are increasingly exposed to invasion of alien plant species [43, 44] . A variety of disturbance agents, such as windstorms, ice storms, wet snow, and insect outbreaks, caused marked damage to forests in Slovenia in the last decades [39] . In January-February 2014, an extreme ice storm caused damage to more than half a million ha of forests across Slovenia and Croatia. In terms of size and total wood volume damaged, this event was the most catastrophic natural disturbance on record for this region [39, 45] . The ice storm and severe bark beetle outbreaks (Ips typographus L.) that followed [46] [47] [48] severely damaged or devastated large areas of forests.
In 2004, less than 10% of stands and upper-soil layers in all IM sites and plots were significantly disturbed. Between the two monitoring periods, disturbance events and intensity were monitored across the IM sites and plots ( Table 2 ).
In addition to the disturbances listed in Table 2 , most of the studied sites and plots were also exposed to significant deer browsing, which affects the structure and composition of natural regeneration [49] . Natural regeneration is significantly influenced by browsing across 52% of Slovenian forest [50] . Some of the IM sites, such as Fondek (2), Borovec (5) , and Gorica (9), occur in regions with the highest impact of browsing. The Krucmanove konte site (1) on Pokljuka plateau was also impacted by occasional livestock grazing during the summer.
At the forest stand level, all disturbance impacts were estimated at each plot and its buffer zone. The buffer zone of a plot was situated around the periphery of the studied 100 m 2 plot area, and the distance from the plot margin to the outer margin of a buffer zone was 5 m. The estimate of disturbance impacts is an integral measure of natural and/or anthropogenic disturbances that caused damage to some component of the stand, including mortality of entire trees, damage to tree crowns, salvage logging of damaged or dead trees, regular tree cutting prescribed by forest management plan. This estimation also consisted of disturbances related to ground-surface layers, including the damage of ground-vegetation layers and upper-soil layers, e.g., tree uprooting and soil perturbations caused by felling and skidding operations. Deer browsing was not detected by this method. On each plot and its buffer zone, the proportion of forest stand and area of ground-surface layer significantly damaged from different disturbance factors was visually estimated in the percentage scale (%), ranging from 0 to 100%. 
Data Analysis
We calculated the number of vascular plant species (N) across the 60 plots, including measures of diversity; E = evenness (equitability); and H' = Shannon diversity index. We tested the differences in vegetation-layer cover and diversity indices between the two monitoring periods (P1 and P2) with the Wilcoxon matched pairs test. Tests were carried out using Statistica 64 software (Dell Inc., Round Rock, TX, USA) [51] .
For the entire plot-by-species matrix, we performed an unconstrained ordination Principal Coordinates Analysis (PCoA) using the 'pca' function in the labdsv package [52] for R software [53] . The input distance matrix was constructed based on Bray-Curtis dissimilarity index, using function 'vegdist' in the vegan package [54] . Abundance data were log-transformed prior to analysis, using log(x+1) transformation. To quantify the magnitude of compositional change for each plot, Euclidean distance was calculated based on sample scores for the first two PCoA axes, as they explained the highest proportion of compositional variability. For instance, Euclidean distance equal to 0 means that there was no change in species composition between P1 and P2, i.e., the position of the sample (plot) did not change in the PCoA ordination space. To test the effect of disturbance on temporal change in vascular plant composition, a simple linear regression was performed based on the averaged site-level data.
Results
Plant Diversity
The total number of vascular plant species decreased from 272 to 243 species (10.0% decrease) during the duration of the study across the 10 sites. Significant species turn-over was documented; 46 species identified in P1 (16.9% of all species in P1) were not found in P2, and 17 new species (not present in P1) were recorded in P2. On average, the frequency of species occurrence increased from 6.9 plots in P1 up to 7.4 plots in P2.
Although we found a decrease in plant diversity pooled across all the study sites, the mean number of plant species per site did not differ significantly between P1 and P2 (Table 3) . However, site-scale values of diversity indexes (E and H') significantly increased (Table 3, Figure 2 ). We also observed a significant decrease of tree-layer cover ( Table 3 ). The frequency and cover of most common plant species changed during the study duration (Table 4 ). For example, Fagus sylvatica significantly decreased in the upper-tree layer but increased in the herb layer. The only significant change in the shrub layer was that of Acer campestre L., which increased in cover over time. In the herb layer, several species significantly increased in cover, including Anemone nemorosa L., Viola reichenbachiana Jord. ex Boreau, Cyclamen purpurascens Mill., Hedera helix L., Daphne mezereum L., Carex sylvatica Huds., Galeobdolon flavidum (L.) Crantz, Salvia glutinosa L., and Brachypodium sylvaticum (Huds.) Beauv. (Table 4 ). Changes in frequency were variable; 11 species were present in the same number of plots in both periods, 13 species increased, and 14 species decreased in frequency ( Table 4 ). It is important to note that although many common species decreased in frequency, most species increased in cover during the study period (Table 4, Figure 3 ). Table 4 ).
Disturbance Impacts
In P1 there were very few significant disturbances recorded on plots. The IM sites and plots selected in 2004 were purposely established in areas without some noticeable disturbances. Consequently, the estimation of disturbance impacts on all plots and IM sites was low (on average less than 1%) and ranged from 0% to 10% per plot. However, during the 10-year study period, especially in the second half, disturbance increased across most of the IM sites (Table 2) . At the end of this period, the estimates of disturbance impacts ranged from 0% to 40% per plot, and its overall mean value per site was 16.3%. It increased significantly (Wilcoxon matched pairs test: p = 0.006), with more than 10% of stand and/or ground layer disturbance on 40 of 60 plots in P2. On average, the estimated disturbance in P2 was the highest on plots in the Gorica site (mean value=38.8%), followed by Murska šuma (26.3%), Brdo (19.4%) and Krakovski gozd (18.8%). Very few disturbances were documented at the Kladje site (5.0%) ( Table 5 ). Although absolute changes in species composition between P1 and P2 were rather small, we found a strong positive relationship between disturbance and the magnitude of compositional shifts (R 2 = 0.719, p = 0.002). IM sites with more intense disturbances exhibited larger changes in composition and vice-versa (Figure 4 ). 
Discussion
In forest ecosystems studied within the ICP Forests monitoring programme in Slovenia, a high level of plant diversity was documented at the beginning of monitoring period [30] [31] [32] . Over the past decade, there has been substantial species turnover and a decrease in gamma diversity across the network of sites. This could be interpreted in the context of accelerating biodiversity losses worldwide and concerns about species impoverishment [55, 56] . At the site scale, however, Shannon diversity index and evenness increased over time. Species-level responses revealed that the most frequent or common species (habitat generalists) across the sites largely increased in cover over time, which may have led to loss of more rare or infrequent species (e.g., habitat specialists).
Observed changes in forest vegetation were clearly driven by various disturbance events, spanning from local tree-or ground-layer disturbances, more or less limited to the investigated plot area, as well as more widespread disturbances (e.g., gradual canopy mortality) inducing profound alterations to stand canopy structure in the surroundings of our study sites. A distinct change in the network of IM sites across Slovenia was the transition from homogenous, closed canopy stands to more open stands due to a variety of local and widespread disturbance events that occurred during the past decade, including windthrow, snow-break, ice-storm damage, pathogens, bark-beetle outbreaks, and salvage logging activities that routinely follow natural disturbances [39, [45] [46] [47] [48] 57] . Apart from quantified natural and anthropogenic disturbance effects, a variety of other processes could be directly or indirectly driving these diversity changes at different scales. Local and regional scale drivers, such as ungulate browsing damage [58] and legacies of past land use [59] , have been shown to be responsible for detectable changes in understory composition over time [60] . Additionally, environmental factors and disturbance agents operating on larger spatial and longer temporal scales, including large-scale climate change and atmospheric nutrient deposition [7, 10] could contribute to plant community dynamics. Disentangling broad scale versus local scale drivers from our observational data is not possible, partly due to the relatively short monitoring period Many of the plot and site scale changes in the understory vegetation documented here are likely a result of these recent disturbances, either by providing opportunities for early successional species (e.g., Brachypodium sylvaticum, Carex sylvatica, Salvia glutinosa), or by allowing expansion of existing competitive species due to increased understory light. The latter mechanism was probably widespread given that many of the common herb species increased in cover over time (e.g., Anemone nemorosa, Viola reichenbachiana, Cyclamen purpurascens, Galeobdolon flavidum). These species are considered as generalist species with wider ecological niches in comparison to the forest understory specialists. In most IM sites, most disturbances occurred in the overstory canopy, resulting in the reduction of tree-layer cover and consequent increases in light reaching the forest floor. As shown in many previous studies [61] [62] [63] , typical forest understory species, presumably more sensitive to disturbance, are able to tolerate a wider range of light conditions.
Relatively small changes in species composition are likely because many of the disturbances across the network occurred in the second half of the monitoring decade, including the widespread and severe ice storm in 2014 that damaged forests across the country [39, 45, 64] . A longer monitoring period would be required to capture the understory response to these recent disturbances. Widespread severe bark-beetle disturbances and salvage logging followed the 2014 ice storm event [46] [47] [48] 57] , further opening the canopies at some of the IM sites, which is likely to lead to more pronounced changes to the understory in the future. Forest plant communities respond to changes of ecological conditions with some time lag. Species diversity is likely to increase in these forests as canopy gaps are colonized by new species. In previous and recent experimental studies that created gaps in the dominant type of beech forests in Central Europe and Slovenia, a high number of early successional species colonized gaps [65, 66] . However, disturbances can have direct negative effects on forest vegetation. For example, logging and skidding trails on many plots and waterpipe-system reconstruction across the Brdo IM site caused severe soil damage and understory plant removal. Furthermore, increases in diversity from post-disturbance succession could be offset by community homogenization due to invasive species [44] and nitrogen deposition [60] .
Beside community-level changes driven by disturbances, the decreased number of species (gamma diversity), higher frequency of species occurrence per plot, and increase in evenness at the end of monitoring period might be, at least to some extent, interpreted as homogenization of vegetation [67] [68] [69] , although the short monitoring period and restricted region may not enable us to distinguish such non-random changes in the forest understory plant communities, which were recently reported in long-term studies across Europe [70] , and references therein]. Nevertheless, the observed species-and community-level changes could be an early sign that understory vegetation is becoming floristically more similar in different forest types. Further monitoring is needed to confirm such assumptions as our study addresses relatively short-term changes of the understory vegetation.
Determining the short-term effects of forest management on forest biodiversity is critical for effective conservation of forest biodiversity. It is important to have knowledge on the recovery capacity of a given forest type and the vulnerability of the vegetation-the degree of difficulty of recovering from the effects of either a natural or anthropogenic disturbance; the slower and/or more difficult the recovery process, the more vulnerable the habitat type is [71] . This means that it is important to know the rate at which the forest recovers to its initial state after cessation of the land use to which it was subjected. The habitats that contain mainly late successional vegetation, such as most of the forests in this study, require more time to return to their original state after natural or anthropogenic disturbances [71] .
Across Slovenian forests, sustainable close-to-nature forest management (i.e., continuous cover forestry utilizing small-scale uneven-aged silviculture) has been traditionally favoured over intensive, even-aged management principles. However, it is not well known to what extent close-to-nature silvicultural systems influence plant diversity in forest ecosystems [6] . Other authors have noted that this type of management may harbour fewer plant species than even-aged (rotation) forestry [72] . The same authors conclude that there is no evidence that sustainable forest management has led to decreased biodiversity in Central Europe [72] . However, even in sustainable forest management using a small-scale uneven-aged approach, frequent disturbance events are likely to lead to a higher number of plant species colonizing open areas, particularly during early successional phases.
In addition to the marked increase in disturbance over the past decade [45] [46] [47] [48] , climate in the studied region has changed considerably in recent decades [73] , particularly in the form of increased mean temperatures and more frequent and extended heat waves. Future climate change is likely to amplify the forthcoming development and interact with natural disturbance regimes in the coming decades. These changes are expected to interrupt the sustainable provision of forest ecosystem services to society [16] while plant species diversity may increase in the short-term. Since the present study addresses a relatively short-term perspective, more reliable evaluation of intensified disturbance regime impacts on vegetation across Slovenian forests will be possible with future monitoring in the studied IM sites.
Conclusions
Our results provided evidence that a wide range of disturbance types and their impacts triggering an increase in the magnitude of compositional shifts were the dominant processes shaping forest understory communities during the 10-year monitoring period. These findings warrant further research questions regarding the role of disturbance as a mechanism for the future development of understory communities. Beside documented disturbances in the period from 2004/05 to 2014/15, frequency and intensity of disturbances in the next decades are predicted to increase [56] , with decisive consequences for understory species composition and diversity. Forest floor vegetation is tightly linked to characteristics of the overstory (tree layer cover and composition), mainly through its effects on understory light regime [56, 70] . Natural disturbances slowly reducing or completely removing tree canopy cover, together with small-scale disturbances, including forest management interventions, will put the buffering capacity of forest stands to a serious test and possibly provoke more rapid changes of the forest understory. The interplay between past and present/future disturbances, with potential cascading effects, should thus deserve special attention from forest managers and conservationists. In order to successfully address such contemporary issues, the established systematic monitoring on IM sites serve as a strong foundation for more reliable quantification of these effects and can importantly contribute to the long-term forest vegetation resurvey data in this part of Europe. The compositional changes observed in our study can be partly attributed to natural dynamics of forest vegetation and to effects of intensified forest disturbances. Future work will thus be dedicated to re-surveys of the study plots. Furthermore, additional analysis addressing variation between IM sites and the recognition of which sites (forest types) have more stable vegetation composition and which are more subjected to changes would be insightful. Lastly, utilization of different approaches (e.g., plant functional traits, ecological indicator values) will likely deepen our understanding of potential factors behind temporal vegetation changes across temperate forest ecosystems in Slovenia.
